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Abstract Sodium salt heparins of both reactive and pharma-
ceutical grade were used as the reducing and stabilizing agents
for the UV photochemical synthesis of gold nanoparticles.
Reduction of chloroauric acid, HAuCl4, by heparin using
UV irradiation as a catalyst is a simple, inexpensive method
with direct biofunctionalization of the products for further use.
Experiments using both heparin types were carried out sepa-
rately. The varying synthesis parameters were the HAuCl4 and
heparin sodium concentrations. The synthesized AuNPs pres-
ent spherical as well as anisotropic shapes, such as oval,
triangular, hexagonal sheets, rods, and some other faceted
forms, with dimensions ranging from 20 to 300 nm as well
as agglomerated networks. No usage of additional surfactants
or growth-inducing seeds was necessary in the syntheses.
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Introduction
Colloidal metal nanoparticle synthesis techniques are used to
produce different types of nanoparticle shapes for several ap-
plications, such as drug carriers, tumor detectors, photothermal
agents, and so on. Chemical methods include chemical reduc-
tion of metal salts [1–3], alcohol reduction and polyol processes
[4, 5], microemulsions [6], thermal decomposition [7], and
electrochemical synthesis [8]. Physical methods include the
exploding wire technique [9], plasma synthesis [10], chemical
vapor deposition [11], microwave irradiation [12], supercritical
fluids [13], sonochemical reduction [14], and gamma irradia-
tion [15]. Photochemical synthesis is now being considered as
another alternative for obtaining colloidal nanoparticles [16].
Some of its advantages are high spatial resolution, reaction
selectivity and controllability as well as shape conversion. This
method can be used with light sources like lasers [17], medium
and low pressure Mercury [18], Xenon, LEDs and UV lamps
[19], and even white light [20].
A wide range of materials and their combinations are
available for light-based synthesis in solution; metal salts
which act as precursors (AgNO3, HAuCl4, and PtCl6) in a
suitable solvent (ethyleneglycol, alcohols); chelate com-
plexes, metal acetylides, polymers, and surfactants. There
are also photosensitive agents that assist the reactions by
means of radical formation which allow the metal reduction
process leading to nanoparticle generation [17].
Heparin (also known as unfractioned heparin) is a member
of the glycosaminoglycans family of carbohydrates and has a
complex and heterogeneous structure. Its molecular weight
can vary from 5,000 to 40,000 Da; and its sulfation degree
also varies depending on the tissue it is collected from, which
can be either beef lung or porcine intestinal mucosa, with
75 % of heparins made from the latter. It is formed mostly
by two repeating disaccharide units (variably sulfated) shown
in Fig. 1, a 2-O-sulfated iduronic acid (left ring) and a 6-O-
sulfated, N-sulfated glucosamine (right ring) which can also
be referred to as only iduronic acid and glucosamine, respec-
tively. Due to the sulfate groups present, this disaccharide
structure makes heparin the highest negative charge-
containing of any known molecule.
Heparin is highly sensitive to light exposure (especially in
the UV range), making it an excellent candidate for metal
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nanoparticle synthesis. It is a very reactive material due to its
composition; for example, each disaccharide repeating unit
contains a carboxyl group. All repeating units contain one or
more 1° or 2° hydroxyl groups and an average of 2–2.5 sulfo
groups and N-sulfo groups are found in 75–85 % of all
repeating units. Approximately 15–25 % of these repeating
units contain a vicinal diol. Each chain contains a reducing
hemiacetal end. Heparin also contains ∼0.3 unsubstituted
amino groups/chains and it owes its acidic nature to the
covalently linked sulfate and carboxylic acid groups [21].
In this work, a photochemical method involving UV irradi-
ation and the usage of sodium heparin, well-known biomolecule
as a reductant and stabilizer in a green synthesis scheme has
been developed in order to get nanowire-like, anisotropic and
plate-shaped nanoparticles at room temperature. Green synthe-
sis methods are good alternatives for avoiding the usage and
generation of hazardous materials [22–24]. These forms have
already been synthesized by heat-based techniques [25] at low
and ambient temperatures [26] and via photochemical methods
[27] not using heparin as a reagent whereas UV triggering has
been employed. Heparin has been used in thermal-based
methods obtaining spherical nanoparticles [28–31].
The samples obtained were characterized by UV–vis spec-
troscopy and TEM; the concentration of HAuCl4 and heparin
was varied in order to find out how this could affect the
nanoparticle shape and plasmon peak. Also, heparin changes
before and after UV irradiation were studied by means of UV–
vis, FTIR spectroscopy and pH measurements. Finally, a
formation mechanism was investigated and proposed.
Experimental
Materials
Gold (III) chloride trihydrate 99.9 % metal basis (HAuCl4)
and reactive-grade heparin sodium salt (195.9 USP units/mg)
were purchased from Sigma-Aldrich. Pharmaceutical-grade
heparin in aqueous solution (5,000 IU/mL, 10 mL, sealed
container) was obtained from PISA Laboratories. Deionized
water was used for preparing stock solutions as well as a
solvent in all synthesis reactions. The materials for the exper-
imental procedures were used as received without any further
purification or modification.
All glassware and quartz material was cleaned with aqua
regia (three parts hydrochloric acid and one part nitric acid),
then rinsed with distilled water and 96 % ethanol. All washed
material was dried in an oven at 70 °C before synthesis proce-
dures take place. Gold (III) chloride trihydrate and reactive-
grade heparin stock solutions were prepared using deionized
water. Pharmaceutical-grade heparin was used as received.
UV irradiation of solutions
For nanoparticle synthesis, a home-made cylindrical UV re-
actor was used. Inside the reactor there are three vertically
oriented black light lamps (peak intensity at λ =366 nm, 4W).
Forced air cooling through top of the reactor was used to keep
a reaction temperature around 30 °C. The typical synthesis
solution is prepared as follows: First, deionized water is
added, secondly the gold (III) chloride trihydrate, and finally
the heparin, this solution is then poured in a 10-mm quartz-cell
which is placed inside the reactor in the central position for it
to be irradiated uniformly for seven hours as shown in Fig. 2.
In order analyze UV effects on heparin, stock solutions of
heparin alone were poured in a 10-mm quartz cell and placed
inside the UV reactor to be irradiated up to seven hours. The
UV–vis and FTIR spectra as well as pH changes were contin-
uously monitored.
Synthesis of gold nanoparticles with reactive-grade sodium
salt heparin
Two sets of experiments were carried out, the first one keeping
a constant concentration of heparin at 0.0312 mM while
Fig. 1 Sodium heparin structure
Fig. 2 Block diagram of the UV reactor used for nanoparticle synthesis
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increasing the gold precursor concentration :0.0833 (sample
A1), 0.333 (sample A2), and 0.4165 mM (sample A3). The
second consisted of maintaining a gold concentration of
0.833 mM and varying the heparin one by 0.312, 0.624,
0.936, 1.248, and 1.56 mM.
Synthesis of gold nanoparticles with pharmaceutical-grade
sodium salt heparin
The experiments carried out followed exactly the same prep-
aration procedure for the reactive-heparin samples. Since
pharmaceutical-grade heparin its vial has a 0.833-mM con-
centration, a maximum of 0.7 mM was used.
Characterization
UV–vis spectra were measured in a Perkin Elmer Lambda 3B
UV–vis spectrophotometer with a 1-mm quartz cell; the mea-
surements were done in air at ambient temperature (for both
heparin solutions and colloidal nanoparticle samples). For
infrared spectra measurement, a Perkin Elmer Spectrum BX
FTIR system was used. Solid samples were prepared by
mixing heparin powder with KBr (potassium bromide), in a
heparin to KBr ratio of 1:100, and milling them to form a very
fine and homogeneous powder to make a pellet for obtaining
the spectra. Pharmaceutical-grade heparin, as well as bothUV-
irradiated and non-irradiated heparin solutions, were dried at
45 °C for 6 h, and mixed with dry KBr powder. The pH
changes were monitored by using a Conductronic pH120 pH
meter. Transmission electron microscopy (TEM) was carried
out in a JEOL model JEM-1010 operated at 80 kV using a
carbon grid. TEM samples were prepared in the traditional
way; an aliquot of the solution was dropped on a 3 mm
diameter lacey carbon copper grid and then left to dry at room
temperature for the solvent to evaporate.
Results and discussion
Reactive-grade heparin results
The synthesized samples were prepared by varying the concen-
trations of both, HAuCl4 and heparin. First, the HAuCl4 con-
centration was increased from 0.0833 mM up to 0.4165 mM,
a b
c
Fig. 3 a , b , c UV–vis spectra of the nanoparticles prepared with increasing gold concentration; the solution tones are also shown along
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with heparin fixed at 0.0312 mM, and irradiated up to seven
hours. Figure 3 shows some UV–vis spectra of samples A1,
A2, and A3, for increasing HAuCl4 concentrations of 0.0833,
0.333, and 0.4165 mM, respectively. The solutions color
changed from a light purple to a blue-grayish hue, this suggests
a change in the metal oxidation and the type of nanoparticles
formed. Additionally, the UV–vis spectra also suggest particle
shape changes.
For sample A1, Fig. 3a, the spectra shows a surface
plasmon resonance (SPR) peak centered at 522 nm, which is
typical for nanospheres. The TEMmicrographies in Fig. 4a, b
show sphereroid particles of small diameters between 16 and
18 nm. It is clear that the nanoparticle yield is quite low, being
in agreement with the small amplitude of the SPR peak in
Fig. 3a. Besides this, there are some aggregates in a wire-like
assembly, although they are still attached to much bigger
clusters. This is in accordance with its UV spectrum because
the shape is quite wide indicating the dispersion provoked by
the aggregated assemblies and the maximum absorbance val-
ue being quite low. Samples A2 and A3 differ fromA1 in their
color and optical density as shown in Fig. 3b and c. These two
solutions show similar tones being A3 the one with a more
intense shade due to the higher gold concentration. Their
plasmon peak is shifted to longer wavelengths respect to the
A1 plasmon, also other weak peaks in the near IR could be
observed.
Nanoparticles in A1 are spheroids, which are in agreement
with their UV–vis spectrum, but it has to be taken into account
that the distribution is broad probably because the particles
tend to agglomerate a little and besides that they have different
sizes. Sample A2 exhibits very few oval-like nanoparticles
whereas there is a lot of wire-like particles that are less aggre-
gated andmore elongated, and still keeping some nanoparticles
within, see Fig. 4c, d. In Fig. 4e, f, triangular plate-like
nanoparticles are observed in addition to the nanowires. Sam-
ple A3 contains nanoparticles on the order of 100±50 nm as
well as other quasispherical nanoparticles between 10 and
30 nm, most of which are agglomerated. This can also explain
why in its UV–vis spectrum a depression is found at 495 nm.
A possible explanation for the change from spheres to
nanowire networks could be the fact that when the metal
precursor concentration is very low, nanoparticles are formed,
but the lack of stabilizer tends to form aggregated, elongated
and bigger-sized structures. Taking into account that the gold
concentration was being increased, the preferential growth in
some directions is reached. This could explain the changes in
shapes and the increase in length and decrease in diameter,
indicating that there is not enough capping agent to passivate
the nanoparticles surface.
The particles that have a plate-like aspect like in sample A3
could be a sign of polycrystallinity because of the varying
contrasts in the TEM images. This may suggest that the
crystals are oriented in different directions as the electron
beam passes through the sample. Vasilev et al. [32] found
similar results but using 2-mercaptosuccinic acid (MSA) as
the reducing and stabilizing material, obtaining similar wire
diameters and plate dimensions, but shorter wires. Other re-
search groups have also obtained comparable results [33, 34].
When the heparin concentration was increased, the synthe-
sized samples show narrower SPR peaks around 532±4 nm
that slightly shift towards longer wavelengths, show less
dispersion, and increase in amplitude as heparin concentration
increases, as can be observed in Fig. 5, the solutions color go
from a light purple up to purplish-blue one, indicating
nanoparticles’ change in shape and size. When the highest
heparin concentration is reached there is again a slight in-
crease in dispersion, but still less than the one for the lowest
heparin concentration.
This could be due to the fact that there are several assem-
blies formed by nanowires as well as some other nanoparticles
of irregular shapes as shown in Fig. 6a. The high dispersion of
the SPR at the lowest heparin concentration might be a conse-
quence of the presence of several clusters formed by nanowires
and some small nanoparticles within their structures; see
Fig. 4 TEM images of a , b sample A1, c , d sample A2 and e , f sample
A3
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Fig. 5. As the heparin concentration increases, the assemblies
begin to connect to each other forming networks of different
sizes. The reason for this may come from the fact that heparin
starts to enclose nanoparticles as well as to stabilize them, so
this causes the individual clusters formed to gather in net-
works, and at the same time it induces growth for some
nanoparticles in some preferential directions. Their aggrega-
tion inside the wires is probably a result of the heparin encap-
sulation, mentioned before, that is not letting the nanoparticles
grow outside the wire but inside it; and in consequence induc-
ing their aggregation in some parts. There is a noticeable
difference at the highest concentration, there are still formed
networks but now some parts of them break apart from that
main structure, in a tap-pole shaped nanoparticles (see Fig. 6f).
That could make a slight dispersion contribution to the SPR
peak observed in the UV–vis spectrum in Fig. 5. Similar
nanoparticles shapes and networks have been obtained in
previous works by means of photochemical synthesis using a
mix of CTAB, NaOH and deionized water to reduce HAuCl4
with 365 nm UV light for about 9 h at room temperature [34].
Pharmaceutical-grade heparin results
The concentrations used for increasing gold concentrations
are 0.0833 and 0.4165 mM (keeping heparin at 0.0312 mM)
and for increasing heparin concentrations (keeping gold at
0.833 mM) are 0.312, 0.5, and 0.7 mM.
Fig. 5 UV–visible spectra of samples prepared with increasing heparin
concentration. On top , there are the synthesis produced and their tone
changes
Fig. 6 TEM images when increasing heparin concentration. a 0.312, b
0.624, c 0.936, d 1.248 and e , f 1.56 mM
HEP1 HEP2
Fig. 7 HEP1 and HEP2 samples TEM images
Fig. 8 UV–vis spectra of samples synthesized with decreasing gold
concentration along with the prepared colloids
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Non-spherical gold nanoparticles present multiple absorp-
tion bands correlating with their multiple axes, and they can
support both propagating and localized surface plasmon res-
onances. The number of SPR peaks usually increases as the
symmetry of nanoparticles decreases; spherical nanoparticles
exhibit only one peak, whereas two and three peaks are often
observed in nanorods, nanodisks, and triangular plates, re-
spectively [30]. Nanoplates have been previously synthesized
by photochemical methods [23, 35–37] with similar results. In
our case, when first modifying the gold concentration, it is
observed that for the HEP1 sample, few nanoparticles are
generated and they are small, ranging from 13 to 20 nm. For
sample HEP2 the situation is completely different because the
nanoparticle sizes go up abruptly most likely due to the fact
that the capping effect coming from heparin is not enough to
stop their growth as shown in Fig. 7.
Also, another thing is that in contrast with reactive-grade
heparin experiments, there is now a shape change. The parti-
cles show anisotropic features but instead of wire-like
nanoparticles we obtained plates, faceted, pseudospherical
and even some trapezoidal products that in principle do not
coalesce among them to form more complex agglomerates.
Other aspects indicating differences from the nanoparticles
synthesized with reactive-grade heparin are the solutions tones
and their UV–vis spectra, the solutions shade change from a
light pink to light violet which are shown in Fig. 8.
For sample HEP1, there are three peaks: at 539, 626, and
718 nm and for HEP2 at 547, 642, and 737 nm, the appear-
ance of three peaks can be explained due to the presence of
tip-pointed nanoparticles which contribute to their plasmon
resonance. Additionally, the plasmon peak red-shift indicates
the nanoparticles sizes are bigger.
When pharmaceutical-grade heparin concentration was
changed, the nanoparticles still show anisotropic features just
like when the Au content is varied, the only difference resides
in the size distribution as can be observed in Fig. 9.
As the heparin concentration rises, there is more encapsu-
lating and size-limiting effects on the particles obtained as
observed from the TEM images (Fig. 9). In the case of the
HEP5 sample, it is noted that some really small nanoparticles
are present due the heparin reducing power (besides its stabi-
lizing role).
The plate sizes for these three syntheses with increasing
heparin concentration vary from 100 up to 800 nm and for the
other shapes from 20 to 50 nm.
Figure 10 shows the solutions tones as well as their UV–vis
spectra. Unlike the previous case when decreasing heparin
concentration case, for the three syntheses, the first peaks are
located between 480 and 630 nm, and the second one between
700 and 900 nm , both peaks tend to blue-shift as the heparin
concentration is increased indicating the nanoparticles diminish
their size. Also, the FWHM for the first peak decreases from 82
to 58 nm indicating that the nanoparticle distribution is
narrower, besides this peak sharpness indicates that a great
contribution from the quasispherical nanoparticles is present.
Similar mixed products have been obtained by Zhang et al. [36].
Structure and changes of heparins under UV irradiation
The two types of heparins used in nanoparticle synthesis
exhibit different characteristics, as suggested by the UV–vis
absorbance spectra in Fig. 11. Both present two peaks in the
UV region due to the aldehyde groups present in their basic
structure. For the pharmaceutical grade preparation, there is a
peak related to the presence of benzyl alcohol [38] as its
excipient. It should be noted that most pharmaceutical-grade
HEP3 HEP4 HEP5Fig. 9 HEP3, HEP4 and HEP5
samples TEM images
Fig. 10 UV–vis spectra of samples synthesized with increasing heparin
concentration along with the colloids prepared
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heparins usually contain different excipients, for example,
distilled water and other substances like sodium chloride to
render isotonic; sodium hydroxide and/or hydrochloric acid
for pH adjustment, too. In our case, it was determined that
pharmaceutical-grade heparin is more acidic due to benzyl
alcohol presence. Balazs et al. [39] carried out several exper-
iments using heparin, heparan sulfate and hyaluronic acid to
investigate what changes occurred when exposed to UV irra-
diation. For heparin, they found that it is degraded by UV
which was evident in the loss of coagulation activity because
the sulfate groups are affected. It was also revealed that the
heparin solutions lowered their pH, meaning there is an elec-
tron loss. Heparin’s reducing power (glucose monosaccha-
ride) also increases proportionally to irradiation time indicat-
ing a breaking of glycosidic linkages and an increase of
reducing end groups along with other irradiation products.
The spectra shown in Fig. 11a for pharmaceutical-grade
heparin do not show abrupt changes in the structure, but a
a b
c d
Fig. 11 UV–vis spectra of a , b pharmaceutical and c , d reactive grade heparin before and after UV irradiation
a b
Fig. 12 FTIR spectra of heparins before they are UV-irradiated
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slight rise on optical density that may indicate the formation of
radicals. However, for the spectra corresponding to reactive-
grade heparin in Fig. 11b, the peaks are not as clear and
intense as the observed for pharmaceutical heparin in
Fig. 11a. This difference has to do with the different solvents
in each case. Furthermore, the second peak in both cases tends
to grow slightly in intensity and to change its shape as the
irradiation time passes by. According to Bazals et al. [39], this
may be due to the fact that the increase in absorbance is
promoted in more alkaline media than in acidic media, indi-
cating radical formation as well.
FTIR peak assignation
FTIR studies before UV irradiation taken for both heparin
kinds show vibrational and absorption peaks, see Fig. 12.
The spectra tend to depict some differences. One thing to take
into account is the fact that heparin even when dried is still
hydrophilic, which means that some peaks may correspond to
solvent retention and even impurities, considering heparin
synthesis yields heterogeneous products even when being
from the same origin.
The peak at 3,467 cm−1 in both heparins corresponds to
hydroxyl group vibrations; carboxyl and sulfate groups are
responsible for the acidic character of heparin. Their location
is approximately 1,645 cm−1 by 1,648 cm−1 in pharmaceutical
and reactive-grade heparins, respectively. The band at approx-
imately 1,260 cm−1 in pharmaceutical-grade heparin and the
one at 1,236 cm−1 in reactive-grade heparin display different
structures; these peaks and their absorption intensity are nor-
mally related to symmetric vibrations of S=O bonds [40]. The
latter has a less intense and broader peak in the 800–880 range
which is the sulfated sugar region [41]. It is noted that peaks
corresponding to the values of 800 and 816 and 820 cm−1 (in
pharmaceutical-grade heparin and reactive-grade heparin, re-
spectively) belong to the iduronate residue 2-0-sulphate group
and to the 6-0-sulphate group of the glucosamine residue, such
bands are overlapped in pharmaceutical-grade heparin and
split into two separated contributions in reactive-grade heparin
but with lower absorption. Outside the mentioned range, the
peak at approximately 941 cm−1 indicates vibrations of com-
ponents which are part of the glucosidic linkages and also
belong to C–O–S stretching (in glucosamine) [42].
Figure 13 depict the changes in both heparins after UV
irradiation. The peak for the sulfate groups diminishes for
pharmaceutical-grade heparin. This may indicate the appear-
ance of other absorbing materials. The peaks that correspond
to the glycosidic linkages in both heparins show absorption
decrease which is in agreement with the fact that they break
during irradiation as expected. The peaks corresponding to S=
O vibrations pose contrasting characteristics, because in the
pharmaceutical-grade heparin there is less absorption after UV
irradiation, contrary to what happens in reactive-grade hepa-
rin. This may be the result of major vibration in these bonds,
from which it might be inferred that there are more atoms in
this heparin chain which makes it bigger and heavier. The
sulfate groups absorptions due to iduronate and glucosamine
decrease in absorption but the peaks that are part of the D-
glucosamine residue tend to be more defined, something that
a b
Fig. 13 FTIR spectra of a pharmaceutical-grade heparin and b reactive-grade heparin showing changes before and after UV irradiation
Fig. 14 pH measurement of heparins irradiated for 7 h
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may be explained by suggesting an increase in the reducing
end groups.
Heparin pH measurements
pH measurements were taken by preparing a reactive-grade
heparin solution and a pharmaceutical grade one and irradiat-
ing them for seven hours, checking how the value changed
every hour. The initial pH value for reactive-grade heparin
was 7.2 which corresponds to an alkaline value, and from then
on, it continued to go down reaching a final value of 6.85
while for the pharmaceutical-grade preparation it went from
6.99 to 5.9. That is the reason why there is more UVabsorbing
material generation as stated by Balazs et al. [32] and was
verified in the the UV–vis spectra (Fig. 14).
Nanoparticle formation mechanism under UV irradiation
Heparin is a polysaccharide formed by disaccharide basic
units (iduronic acid and glucosamine) which are repetitive
along its structure with varying sulfation degrees and that
becomes hydrolized when dissociated. This means that the
glycosidic bond that joined them is broken because H and OH
ions are donated by water. When this happens, these disac-
charides units are separated (this occurs to the whole chain
composed by these two monosaccharide units).
Once there has been hydrolysis, the glucosamine mono-
saccharide turns to its hemiacetal form. In this hemiacetal
form, the aldehyde present, which t is reactive in the UV
range, promotes its own oxidation, which at the same time
allows the reduction of gold ions when present in solution, and
thus this process leads to nanoparticles generation and growth
as shown in Fig. 15.
Thus, from the above discussed results, it is possible that the
differences between the types of nanoparticles produced by the
two heparins might be due to the fact that pharmaceutical-
grade heparin has a more acidic nature which on time allows
more reduction of gold ions.
On the other hand, when working with reactive grade
heparin, which is more alkaline, heavier, and bigger, the
molecules might take some time for the reaction to happen
in a certain direction. It may be slower, not allowing rapid
Fig. 15 Heparin-coated
nanoparticle synthesis path
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growth in other directions, and letting nanoparticles stick to
each other or agglomerate instead of forming wire-like prod-
ucts. It has to be taken into account that polysaccharide
hydrolysis is more favored in acidic than in alkaline media.
Conclusions
In summary, a simple while flexible strategy to synthesize
colloidal gold anisotropic nanoparticles and nanoaggregated
networks has been shown. Moreover, nanoparticles colloidal
solutions are obtained by taking advantage of an inexpensive
home-made black light UV reactor and heparin, a biomolecule
used as an anticoagulant which is very reactive in the UVrange.
It is found that low heparin concentrations trigger nanopar-
ticle growth in preferential directions contrary to the case
when its concentration is higher than the gold precursor one,
which restrains this growth. It is suggested that pH affects the
nanoparticle shapes, getting agglomerates when basic and
nanoplates, faceted, pseudospherical and even some trapezoi-
dal products when the medium is acid and agglomerated wire-
like products when basic. In addition, we presume that given
the biocompatibility of the capping and stabilizing agent,
heparin these as-synthesized colloids could be potential can-
didates for plasma studies and therapy.
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